Summary Early renal dysfunction is associated with a 38% increased fracture risk in individuals aged 65 years and older. In men but not women, early renal dysfunction is associated with decreased femoral neck bone mineral density (BMD) which can be partially explained by increased parathyroid hormone (PTH) concentrations. Introduction It is uncertain whether early renal dysfunction is associated with osteoporosis and increased fracture risk. The aim of this study was to determine the relationship of decreased renal function with BMD and fracture risk and the role of PTH therein. Methods We analyzed data of participants aged 65 years and older from the Longitudinal Aging Study Amsterdam. A 6-year fracture follow-up was obtained in 1477 participants. BMD was measured by dual-energy x-ray absorptiometry (n = 535) and vertebral fractures by lateral spinal radiograph (n = 527) in a subsample at baseline. Glomerular filtration rate (eGFR) was estimated according to the modification of diet in renal disease equation and assessed by the five stages of chronic kidney disease (CKD). Results In men and women, eGFR < 57 ml/min/1.73 m 2 (lowest quartile) compared to eGFR > 74 ml/min/1.73 m 2 (highest quartile) was associated with a 38% increase in fracture risk after adjustment for relevant confounders [hazard ratio (95%CI): 1.38 (1.17 to 1.61)]. Also, CKD stages 3a and 3b were associated to a 28 and 46% increase in fracture risk, respectively, as compared to CKD stages 1 and 2 together (eGFR > 60 ml/min/1.73 m 2 ) after adjustment for confounders. Renal function was not associated with prevalent vertebral fractures. In men, but not women, lowest quartile of eGFR was related to lower femoral neck BMD as compared to the highest quartile eGFR [unstandardized B (95%CI) − 0.052 g/cm 2 (− 0.098 to − 0.006)], after adjustment for relevant confounders. Further adjustment for PTH attenuated this relationship by 27%. Conclusions In men and women, early decreased renal function (eGFR < 60 ml/min/1.73 m 2 ) was related to increased incident any fracture risk but not with increased prevalence of vertebral fractures. In men, but not women, early renal dysfunction was related to lower femoral neck BMD which could statistically be partially explained by increased PTH concentrations.
Introduction
Renal function decreases with age. In health aging adults, a steady decline of GFR (averaging about 0.75-1.0 ml/min/ 1.73 m 2 /year) has been consistently observed in crosssectional studies [1] . Thus, some degree of chronic kidney disease (CKD) is very common in the elderly. At least 20% of adults in the USA of 65 years or older have evidence of moderate to severe CKD as defined by an estimated glomerular filtration rate (eGFR) of 60 ml/min per 1.73 m 2 or less [2] . The origin of age-related changes in the kidney or the so-called early renal dysfunction is thought to be rooted in the reduction in glomerular mass mainly due to glomerulosclerosis [1] .
Data from epidemiological studies have yielded controversial results regarding the association of CKD with bone mineral density (BMD) and fracture risk. An increased risk of hip fractures has been reported in patients with moderate and severe CKD [3, 4] . CKD was associated with accelerated bone loss in Afro-Caribbean men [5] . However, in one study, a GFR lower than 60 ml/min was not associated with increased fracture risk [6] . Thus, the relationship of in particular early renal function loss with fracture risk in older individuals remains unclear.
Potential mechanisms can be hypothesized to contribute to such an increased fracture risk. Moderate renal dysfunction is associated with higher phosphate concentrations and raised circulating concentrations of parathyroid hormone (PTH) in association with mainly cortical bone loss. In addition, deficient 25-hydroxyvitamin D (25(OH)D) concentrations are common in these patients and aggravate secondary hyperparathyroidism [7] . Vitamin D deficiency and secondary hyperparathyroidism have detrimental effects on bone, and this may explain part of the relationship between decreased renal function, osteoporosis, and fracture risk. It is not known whether early renal dysfunction or the age-related impairment is associated with osteoporosis and increased fracture risk. With this study, we hypothesized that early renal dysfunction in older individuals is associated with higher fracture risk and lower BMD and part of these relationships may be explained by an increase in serum parathyroid hormone concentrations and increased bone turnover.
This study aimed to determine and quantify the relationship of early renal dysfunction with fracture risk and BMD in a population-based older cohort [8] . In addition, parathyroid hormone (PTH), bone turnover, and falls were studied as potential contributing mechanisms to these relationships.
Materials and methods

Subjects
The study was performed using data of the Longitudinal A g i n g S t u d y A m s t e r d a m ( L A S A ) , a n o n g o i n g multidisciplinary cohort study on predictors and consequences of changes in physical, cognitive, emotional, and social functioning in the aging population in The Netherlands [8] . A random age and sex-stratified sample was drawn from population registries of 11 municipalities in three different regions of The Netherlands. The LASA study is a representative sample of older Dutch men and women. In total, 3107 subjects participated in the baseline examination (1992) (1993) .
The present study included participants who were born in or before 1930 (aged 65 years and older as of January 1, 1996) and participated in a follow-up examination in 1995-1996. After a main interview and a medical interview at home (n = 1509), participants were invited to a hospital or healthcare center to obtain blood and urine samples (n = 1328). Valid serum concentrations of creatinine could be determined in 1327 samples. The number of participants with both information of fracture follow-up and creatinine concentration was 1318.
BMD measurements of the lumbar spine and hip were obtained in a subsample in the geographical area of Amsterdam and surrounding communities including 535 participants. In LASA, the hip scan was usually made on the left site of the body. The study sample consisted of 522 participants with BMD measurements of the hip. Additional valid spinal radiographs were obtained in 527 of these participants.
The Medical Ethics Committee of the VU University Medical Center approved the study. Informed consent was obtained from all respondents.
Biochemistry
Blood samples were obtained in the morning and immediately centrifuged and frozen. Participants were allowed to have tea and toast [9] , but no dairy products. The participants also brought an overnight urine sample for analysis. The serum and urine samples were promptly stored at − 20°C. Serum creatinine (Cr) was determined as routine measurement according to local laboratory (in Zwolle, Oss and VUMC) procedures in fresh blood.
The serum creatinine concentration was used to estimate glomerular filtration rate (eGFR) according to the modification of diet in renal disease (MDRD) equation and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [10, 11] .
Serum 25-hydroxyvitamin D (25(OH)D) was determined according to a competitive protein-binding assay in 1997/ 1998 (Nichols Diagnostics, San Juan Capistrano, CA, USA). The interassay coefficient of variation (CV) was 10%. Serum parathyroid hormone (PTH) was measured by means of an immunoradiometric assay (Incstar Corp., Stillwater, MN, USA), with an interassay CV of 12%. As a marker of bone formation, serum osteocalcin (OC) was measured by an immunoradiometric assay (Biosource/Medgenix Diagnostics, Fleuris, Belgium) with an interassay CV of 8%.
Urinary deoxypyridinoline (DPD) was measured by a competitive luminescence immunoassay (ACS180 System; Bayer Diagnostics, Mijdrecht, The Netherlands) with an interassay CV of 8%. Values were corrected for creatinine (Cr) concentration in the same urine sample. Urine DPD/Cr excretion was calculated as a marker of bone resorption. These analyses were performed at the Endocrine Laboratory of the VU University Medical Center.
Bone mineral density and body composition
The dual-energy x-ray absorptiometry scans were made at the department of Nuclear Medicine, using a Hologic QDR2000 scanner (Hologic Inc., Waltham, MA, USA). All BMD measurements were performed with the same DXA scanner.
The lumbar spine (L1-L4) and hip (femoral neck, trochanter, and total hip) were scanned at baseline and 3 years later. Body composition including fat mass, fat-free mass, bone area, and bone mineral content for the extremities was scanned at baseline. The amount of fat-free soft tissue (lean mass minus BMC) of the extremities was used as an indicator of skeletal muscle mass [12] .
Fracture and fall assessment
Fractures were assessed using two different methods [13] . A fall and fracture calendar was used in the first 3 years (1995/ 96-1998/99). Participants were instructed to complete a set of questions regarding fractures every 3 months. In addition, fractures were assessed by an interview at the end of the 3-year period in the second period (1998/99-2001/02). The exact date of the fracture was asked and verified with the general practitioner or hospital records. More than 90% of the fractures included in the analyses could be verified. In case of individuals who dropped out or were deceased, the general practitioner was interviewed about potential fractures and the circumstances of the fractures. In the present study, Bany fracture^was defined as any kind of fracture except for fractures in the hand/finger, foot/toe, and head/neck and traffic accidents.
Prevalent vertebral fractures were assessed on lateral radiographs. Lateral radiographs of the thoracic and lumbar spine (T4-L5) were made at the end of 1995 or in 1996. The presence and degree of prevalent vertebral deformity were assessed by a semiquantitative method (mild deformity, 20-25% reduction in anterior, central, or posterior vertebral height; moderate deformity, 25-40% reduction in vertebral height; severe deformity, > 40% reduction in vertebral height) according to the classification of Genant. In a random sample of 50 radiographs, the intra-observer agreement of this semiquantitative method was tested with weighted kappa-scores. Weighted kappa-scores for presence of deformity (y/n), severity, and number of deformities were 0.80, 0.75, and 0.63, respectively.
A 3-year fall follow-up was performed with the fall and fracture calendar starting at the end of the second medical interview (1995/1996) . The respondents were asked to record fall events weekly until the third medical interview (1998/1999). A fall was defined as Ban unintentional change in position resulting in coming to rest at a lower level or on the ground.P
otential confounders
Age, sex, body mass index (BMI), alcohol, smoking, and chronic diseases were considered as potential confounders in the relationship of renal function with fracture risk and BMD. The serum PTH, serum OC, urinary DPD/Cr, serum 25(OH)D, and skeletal muscle mass were added separately to the statistical model because of a potential role in the causal pathway of decreased renal function and the outcomes studied.
Body weight (kg) was measured in subjects wearing underwear only, using a calibrated balance beam scale. Height (m) was measured using a stadiometer. Smoking (never, former, current smoker) and alcohol use (does not drink, light, moderate, and excessive drinking) were assessed by questionnaires. The alcohol consumption index developed by Garretsen was used to classify alcohol drinkers into four categories (very excessive, excessive, moderate, light) [14] .
The presence of chronic diseases was assessed with a detailed self-report questionnaire that included seven major diseases groups, i.e., chronic obstructive pulmonary disease, cardiovascular disease, stroke, peripheral arterial disease, diabetes mellitus, cancer, and joint disorders (osteoarthritis/rheumatoid arthritis).
Statistical analyses
Baseline characteristics of the study population were presented as mean ± SD for continuous variables, median (interquartile range) for skewed variables, and percentages for categorical variables. Multiple linear regression analyses were performed to study associations of renal function with BMD. Conditions for linear regression analysis were checked by histograms and normal probability plots of the standardized residuals. Effect modification by age and sex in the relationship of renal function with fractures and BMD was studied. Effects of confounders were studied by adding these to the regression analyses. Associations of renal function with BMD changes were performed with baseline BMD as an additional confounder.
Effect modification was defined as statistically significant interaction (p < 0.10). Associations with fracture and fall risk were analyzed using Cox proportional hazards regression and associations with prevalent vertebral fractures with logistic regression. Linearity of potential confounders was checked by adding dummies to the model and by adding a quadratic term. Multi-collinearity was checked by calculating correlation coefficients between the independent variables.
Statistical significance was based on p < 0.05. IBM SPSS Statistics 20 (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. Table 1 presents the baseline characteristics of the study population. A total of 715 men and 762 women participated in the analyses for fracture outcome in the present study. More than 99% of the population was of Caucasian race. The number of participants with severe CKD (CKD stages 4 and 5) was 5 (1.0%) and 13 (1.0%) in the population available for BMD and fracture analyses, respectively. The number of participants with PTH ≥ 10 pmol/l was 10 (1.9%) and 21 (1.6%) in the population for BMD and fracture analysis, respectively. Of the population for BMD and fracture analysis, 267 (51.5%) and 632 (48.2%) had 25(OH)D concentrations < 50 nmol/l, respectively. PTH concentrations according to CKD stages were 3.0 ± 1.3, 3.3 ± 1.7, 3.9 ± 3.1, 6.0 ± 2.9, 11.8 ± 7.4, and 11.8 ± 8.9 pmol/l for stage 1 (n = 47), stage 2 (n = 737), stage 3a (n = 429), stage 3b (n = 110), stage 4 (n = 16), and stage 5 (n = 5), respectively. Concentrations of 25-hydroxyvitamin D according to CKD stages were 54 ± 24, 54 ± 24, 54 ± 24, 45 ± 23, 56 ± 24, and 28 ± 9 nmol/l for stage 1 (n = 47), stage 2 (n = 860), stage 3a (n = 327), stage 3b (n = 62), stage 4 (n = 9), and stage 5 (n = 3), respectively.
Results
Participant characteristics
Associations of renal function with any fracture incidence
During 6-year follow-up, 132 out of 1477 participants (8.9%) experienced at least one fracture. Seventeen BMI, body mass index; eGFR, estimated glomerular filtration rate; MDRD, modification of diet in renal disease; PTH, parathyroid hormone; BMD, bone mineral density participants (1.2%) had 2 fractures, 3 participants (0.2%) had 3 fractures, and 1 participant had 4 fractures. The number of fractures (%) that occurred at specific sites was as follows: hip 37 (28%), wrist 33 (25%), vertebra 14 (11%), rib 14 (11%), humerus 10 (8%), fracture of lower extremity (not hip or ankle) 10 (8%), fracture of upper extremity (not wrist or humerus) 7 (5%), ankle 6 (5%), and pelvis 1 (1%). Of 108 of 132 fractures, the cause was registered. Of these, 61 (57%) were the consequence of a fall from less than standing height, and 9 (8%) resulted from a fall of more than standing height. Of 36 fractures (33%), the cause was registered as unknown. In the present study, age and sex were not effect modifiers in the association of renal function with incidence of fractures or falls (p > 0.10). Therefore, all analyses with fracture or fall incidence as the outcome were performed and described in the total population. The association of renal function with fracture incidence is presented in Tables 2 and 3 . The association between the continuous variables eGFR and fracture incidence did not fulfill the conditions for linear regression. Therefore, eGFR quartiles were used (Table 2) , and eGFR was classified according to CKD stages 1 until 5 ( Table 3) .
The quartile group with the lowest eGFR(MDRD) (< 57 ml/min/1.73 m 2 ) as compared to the highest eGFR(MDRD) (> 74 ml/min/1.73 m 2 ) was characterized by an increased risk for fracture after correction for age and sex (Table 2 ; model 1). Adjustment for additional confounders (BMI, smoking, alcohol, number of chronic disease) and PTH did not influence this relationship (Table 2 ; models 2 and 3, respectively). In the adjusted model 2, the quartile group with the lowest eGFR(MDRD) quartile had a 38% increase in fracture risk as compared to the highest eGFR(MDRD) quartile. Compared to the highest quartile, the lowest quartile (lowest eGFR) was related to a 46% increase in fracture risk [HR = 1.46 (95%CI 1.23-1.73)] after addition of serum 25(OH)D and bone turnover markers (BTMs) serum OC and DPD/Cr ratio to model 2. Further adjustment of model 2 for skeletal muscle mass did not materially alter the relationship (n = 516).
The results of the analyses performed with eGFR(CKD-EPI) did not alter the conclusions drawn from the analyses with eGFR(MDRD).
Classification according to CKD stages based on MDRD resulted in a 28 and 46% increase in fracture risk for stages 3a and 3b, respectively, after adjustment for additional confounders (Table 3; 
Associations of renal function with vertebral fracture prevalence
Of the 521 participants with vertebral fracture assessment, 245 (47%) had at least one vertebral fracture. Of the study population, 139 (27%) individuals had 1 vertebral fracture, 60 (12%) had 2 vertebral fractures, and 46 (9%) had 3 or more vertebral fractures. The number of participants with at least one vertebral fracture of moderate severity was 88 (17%), and the number with at least one severe vertebral fracture was 11 (2%).
The lowest quartile of eGFR (MDRD) was not related to a higher risk of prevalent vertebral fractures as compared to the highest quartile group after adjustment of potential confounders BMI, smoking, alcohol, and number of chronic disease [OR 0.74 (95%CI 0.45-1.22), n = 59/126 (47%) and n = 58/116 (50%), respectively]. In addition, CKD stages 3a and 3b (MDRD) were not associated with a higher risk of prevalent vertebral fractures as compared to the reference category, i.e., CKD stages 1 and 2 together [CKD stage 3a: n = 59/125 (47%), OR 0.86 (95%CI 0.56-1.32) and stage 3b: n = 10/24 (42%), OR 0.63 (0.53-1.24); stage CKD 1 and 2, 174/367 Presented are the hazard ratios, 95% confidence intervals; model 1, adjusted for age and sex; model 2, adjusted for age, sex, BMI, smoking, alcohol, and number of chronic diseases; model 3, adjusted for age, sex, BMI, smoking, alcohol, number of chronic diseases, and PTH (47%)]. The number of vertebral fractures in stages 4 (n = 3) and 5 (n = 2) was too small to perform analyses.
Associations of renal function with fall incidence
In the present study, 800 out of 1435 participants (55.7%) experienced at least one fall. However, lowest quartile of eGFR (MDRD) was not associated with an increased risk of falls during 3-year follow-up as compared to the highest quartile (after adjustment for age, sex, BMI, smoking, alcohol, and number of chronic diseases, HR = 0.999 (0.995-1.002), p = 0.46).
Cross-sectional and longitudinal associations of renal function with BMD
The interaction analyses demonstrated that sex was an effect modifier in the association of eGFR with BMD (p < 0.10). Therefore, all analyses with BMD as the outcome were performed stratified for sex. The association between the continuous variables eGFR and BMD did not fulfill the conditions for linear regression. Therefore, again, eGFR quartiles were used (Table 4) and eGFR was classified according to CKD stages 1 until 5.
In men, the femoral neck BMD range of the lowest eGFR(MDRD) quartile group was 0.360 to 1.090 g/cm 2 , and that of the highest eGFR(MDRD) quartile groups was 0.510 to 1.680 g/cm Presented are the hazard ratios, 95% confidence intervals; CKD stages 1 and 2 together serve as the reference categories because the number of fractures in the CKD stage 1 group was too small to serve as a reliable reference category (n = 6); the number of participants with fractures and CKD stage 4 or 5 is too small to calculate hazard ratios; model 1, adjusted for age and sex; model 2, adjusted for age, sex, BMI, smoking, alcohol, and number of chronic diseases; model 3, adjusted for age, sex, BMI, smoking, alcohol, number of chronic diseases, and PTH 2 , n = 188) after adjustment for additional confounders. The number of participants with CKD stages 4 (n = 3) and 5 (n = 2) was too small to perform an analyses on BMD outcomes.
In men, decreased renal function was not associated with baseline total hip BMD or lumbar spine BMD. In women, there were no associations between eGFR and BMD at any site.
Longitudinally, BMD change in 3 years was not different between eGFR quartile groups for any site in men and women.
Discussion
The principal findings of the present study are that in both older men and women, early decreased renal function (eGFR < 60 ml/min/1.73 m 2 ) was related to increased incident fracture risk but not with increased prevalence of vertebral fractures or falls. In addition, decreased renal function was related to lower femoral neck BMD in men but not women. In men, this relationship could statistically be partly explained by higher PTH concentrations.
As for whether early renal dysfunction is associated with increased fracture risk in the general population, data from previous studies have yielded controversial results. Most studies on the association of eGFR and fractures studied hip fracture, vertebral fracture, or osteoporotic fracture incidence in selected populations with CKD, especially end-stage CKD. To our knowledge, no previous study selected any fracture as outcome in a population-based older cohort population. A communitybased cohort of 1.8 million Canadian adults suggested that reduced eGFR (< 60 ml/min per 1.73 m 2 ) was not associated with increased rates of incident hip, wrist, and vertebral fractures compared with normal renal function [6] . That study, however, had the limitation that the outcomes were based on coding of administrative data to identify fractures and defined comorbidities, which may have resulted in potential misclassification. Also, there was selection bias of participants with a measurement of creatinine concentration because the participants were identified from community-dwelling adults aged ≥ 18 years who had at least one outpatient serum creatinine measurement, on indication. In contrast, we examined fracture incidence using reliable data on fractures (fracture calendar, questions regarding fractures, and data verification through the general practitioner or hospital reports). Also, our random age and sex-stratified study sample was population-based.
End-stage CKD has been associated with a fourfold increased risk of osteoporotic fracture, even in young adults [15] . In our study, fracture risk increases as renal dysfunction worsens in a graded manner. This was also shown in a cohort study of 679,114 adults using healthcare databases from Ontario (Canada). In that study, the 3-year cumulative incidence of hip, forearm, pelvis, or proximal humerus fracture increased in a graded manner in adults with lower levels of eGFR [16] . Also, another study confirmed the association between mild to moderate reductions (eGFR 45-59 ml/min per 1.73 m 2 ) in renal function and increased risk of hip fracture independently from traditional risk factors including age, body weight, and bone density [4] . The analysis of NHANES III data even suggested that this association between decreased renal function and higher fracture risk in CKD was stronger than many conventional risk factors for fracture, including BMD, sex, race, and age [17] . Our finding of an absent relationship between renal function and vertebral fractures is in agreement with a prospective study that could not identify an increased incident fracture risk [4] . However, a Japanese study did find increased vertebral fracture incidence related to renal function, although they focused on stage 2 as compared to stage 1 CKD because they had a low number of participants with CKD stage 3 and higher [18] .
In our study, the association between decreased eGFR and femoral neck BMD is gender-specific. The reason of this gender-specific association is still unknown. It may be partially explained by the differences in peak bone mass and bone loss rates between sexes, which results in lower BMD in older women than elderly men. In older women, therefore, it may be more unlikely for BMD to further decrease as a consequence of the additional effect of mildly decreased eGFR. Also, in older women, other factors that determine BMD such as vitamin D deficiency may play a more important role than mildly decreased eGFR. From the controversial results of different studies, it is not difficult to understand that the mechanism behind the association between decreased eGFR and BMD/fracture risk is complicated. Reasons are multifactorial and include CKD mineral and bone disorder (CKD-MBD), i.e., abnormalities in phosphorous, calcium, parathyroid hormone, or vitamin D metabolism, and muscle loss [19, 20] . In large population-based older cohorts, common underlying risk factors in those with mild to moderate reduced eGFR are more usual than a unique pathophysiology as seen in patients with ESRD [6] . Loss of skeletal muscle (due to CKD and its comorbid conditions) increases risk of falls and frailty and in turn leads to more fractures [21] . Also, vitamin D deficiency is common in the general older population and also in those with mildly impaired renal function and may contribute to fall and fracture risk [22] . In our study, we could not explain the increased fracture risk by increased fall risk or decreased 25(OH)D concentrations or muscle mass. Whatever the underlying mechanism, the increased risk is important for fracture risk estimation in the general population. Fracture risk evaluation should take renal function into account, and even mildly decreased renal function should be included in guidelines.
In renal disease, decreasing GFR is associated with increased PTH secretion [23] . Elevated PTH is strongly associated with cortical bone loss [24] . However, results of the relationship between PTH and BMD are conflicting [25, 26] . Studies on the association between PTH and fracture risk in patients with end-stage CKD also showed contradictory results [27] [28] [29] . One reason for the different conclusions is that serum PTH has a short half-life and depends on calcium intake. In our study, the association between lower eGFR and lower femoral neck BMD in men is partly determined by PTH. PTH specifically influences cortical bone remodeling and therefore may explain its impact on the relationship between eGFR and specifically femoral neck BMD. The 2017 Updated KDIGO CKD-MBD Guideline encourages the continued use of PTH trends to identify different types of bone involvement in CKD-MBD [30] .
The strengths of our study are its prospective cohort design including men and women, being a representative wellphenotyped sample of the older Dutch population, and the combination of bone density measurements at various sites with a reliable assessment of falls and fractures. The sufficient sample size enabled us to test possible confounders and effect modifiers. So far, few population-based prospective studies in older individuals have investigated the association of renal dysfunction with risk of any fracture (instead of hip, spine, or osteoporotic fracture). This study also has some limitations. First, renal function was assessed only at one time point. In older individuals, creatinine concentrations can be temporarily elevated by a wide variety of causes without true renal function loss. Also, the absence of analyses of longitudinal data of renal function and other biochemical parameters such as PTH limited the possibility to study of effects of longitudinal changes. Second, a direct measure of GFR was not available; we used both MDRD and CKD-EPI equation to estimate GFR. The reason for also using the MDRD equation is to allow comparison with previous results. The equations are creatinine-dependent, while serum creatinine alone is a less reliable measure of renal function in older persons, because of a decline in muscle mass and alteration in creatinine metabolism with age [31] . Third, the population-based recruitment yielded low numbers with CKD stages 4 and 5 and did not allow us to study effects of moderate to severe CKD separately. Fourth, BMD, vertebral fracture prevalence, and skeletal muscle mass were assessed only in a subsample of the total population which limits the power to find effects. Fifth, the available BTM concentrations, OC, and DPD/Cr ratio are affected by renal clearance [32] . The use of other BTMs, which are not dependent on renal function such as TRAP-5b and P1NP, may have led to different results. Sixth, we did not adjust for competing risks in the analyses. Participants with CKD have a higher risk of death than participants without CKD and therefore are less likely to reach the primary end point, i.e., a fracture, during follow-up. However, if anything, this competing risk may have resulted in an underestimation of the true effect of eGFR on fracture risk. Finally, the cohort analyzed in this study was recruited in 1992 and the data originate from the measurement cycle in 1995 which may have contributed, for example, to the application of analytical methods that are currently no longer used.
In the future, one may consider cystatin C as a more valid marker for renal function estimation to overcome the limitations of serum creatinine [33] . Deterioration of renal function assessed by CKD-EPI-Cys better correlates with osteopenia than calculated eGFR using creatinine-based methods in CKD patients [34] . The CKD-EPI-Cys formula might be a useful tool to assess skeletal-related event risks. Given the adverse health consequences and economic burden associated with fractures [35, 36] , identifying the cut-off of eGFR for increased risk of fractures would be important. The genderspecific effect of PTH on the relationship between eGFR and BMD needs to be confirmed.
In conclusion, in a population-based older cohort, we examined the association of decreased eGFR with BMD and fracture risk. Quite modest declines in renal function (eGFR < 60 ml/min/1.73 m 2 ) were associated with increased fracture risk in both men and women. Decreased eGFR was accompanied by decreased BMD only in men and only in the femoral neck, and parathyroid hormone was identified as a potential partial mediator in this relationship. This latter finding suggests the importance of other factors than BMD in fracture risk such as impaired bone quality. Nevertheless, fracture risk evaluation should take renal function into account and even mildly decreased renal function should be included in guidelines and fracture prediction tools as a risk factor for future fractures.
Open Access This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http:// creativecommons.org/licenses/by-nc/4.0/), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
